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This  memorandum  presents  the  large  quantity  of  experimental 
data  obtained  in  an  investigation  of  inlet  flow  distortions  in 
an  axial  flow  fan.  The  purpose  of  the  study  was  to  determine 
the  effects  of  design  and  operating  variables  and  the  type 
of  distortion  on  the  response  of  an  axial  flow  turbomachinery 
rotor.  This  study  also  provided  a broad  data  base  which  can 
be  used  in  future  research  and  in  the  design  community. 
Reference  [1]  includes  the  background  information  and  the 
overall  trends  observed  in  the  distortion  attenuation  and 
unsteady  total  pressure  losses.  This  memorandum  merely 
documents  the  complete  set  of  experimental  data  without 
discussing  the  results  or  conclusions.  A six-bladed  zero 
steady  lift  rotor  and  a nine-bladed  cambered  rotor  were 
employed  in  the  experimental  program.  The  steady  performance 
and  the  distortion  measurements  made  with  these  two  test 
rotors  are  included  in  this  report . 
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Nomenclature 


Symbol 


blade  chord  length 
total  pressure  loss  coefficient 
change  in  total  pressure,  tT^’inlet 

incidence  angle 

.-v 

: -3  yi  ' 

atmospheric  pressure 
static  pressure 
total  pressure 
total  pressure  loss 

space- to-chord  ratio 

blade  speed  at  the  mean  radius 
axial  component  of  velocity 
circumferential  component  of  velocity 
radial  component  of  velocity 

circumferential  average  axial  velocity  measured  at 
Location  1-D 

stagger  angle 

mass  density 

i 

flow  coefficient,  V^/U 

1 2 

pressure  rise  coefficient,  .t'^’in'let^lT^ 


Subscripts 


inlet 


refers  to  the,  exit  of  the  rotor 
refers  to  the  inlet  of  the  rotor 


j.euu«p 

In  dcnitug  with  .CM  problem  of  ^istoifted  inlet  flews . deaignojjh  of 

^ aM  i of  the  CluctunWng 

eoi'v-fva  on  the.  blndes,  the  attonuatr.lon  of  the  di&temou  through  each 

Ivlndo  vow,  m loan  in  and  nny  mhiocion  in  stab iHty  canned 

h>  the  distortion,  as  a function  of  the  operating  and  anvswotr&ai  design 
^riablca  of  the  machine  which  the  Signet  can  eonferM,  Theoretical 
predictions  ate  xaluahle  in  understanding  distortion  phenomenon  and  also 
in  making  some  design  decisions;  however,  many  khoeeetieul  methods  require 
the  steady  performance  of  the  compressor  or  h-lade  row  to  he  known. 

Since  the  performance  characteristics  are  determined  by  a number  of 
geometric  design  parameters,  theoretical  methods  give  very  .tittle  insight 

into  the  selection  of  the  proper  design  parameters  to  he  used  in  the 
. design  process,  .1  fy-l'T  o f ;:i;;y 

To  aid  to  the.  mtM  devetojmentt  of  thoorecleal  design  teeUniiptes 
ami  to  help  bridge  the  gap  between  present  day  theories  and  the  needs  of 
designers,  experimental  data  of  a fundamental  nature  demonstrating  the 
effeet  of  goemetrto  and  operating  variables  are  needed.  The  ohjeettve 
Of  this  study  was  to  provide  some  of  the  neeessary  fundamental  data  by 
examining  the  unsteady  response  of  a turhomnehtoery  voter  to  time-moan 
spatial  variations  the  rotor  inlet  flew  as  a funecion  of  various 
design  and  operating  variables  s«eh  as  rotor  solidity,  stagger  angle, 
t emi\  loud,  and  rotor-^sincor  npscing, 

Tlie  purpose  of  this  report  Is  to  doormen t the  large  amount  of 
experimental  data  obtained  i„  this  study.  From  the  data,  the  distortion 
attenuation  and  unsteady  tosses  have  been  analysed  anti  are  presented, 
in  Reterenee  [1],  This  informal  ton  should  provide  a basis  for  designing 
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compressors  and  fans  with  improved  performance  when  operated  in  an  inlet 
distortion  and  also  provide  guidance  for  conducting  future  research  in  the 
areas  of  distortion  attenuation  and  unsteady  losses.  Another  objective 
of  this  investigation  was  to  provide  a data  base  for  use  in  future 
studies.  For  example,  the  data  can  be  used  to  evaluate  new  theories 
or  to  modify  existing  prediction  techniques,  No  discussion  of  the  data 
is  included  in  this  report  nor  are  any  conclusions  draxm , since  this 
was  done  in  Reference  [1] . 

The  approach  taken  to  measure  the  response  of  the  blade  row  was  to 
make  detailed  circumferential  surveys  of  a distorted  inlet  flow  upstream 
and  downstream  of  two  test  rotors.  The  first  rotor  used  in  the  study  was 
a zero  steady  lift  rotor  which  had  six  uncambered  blades  (s/c=1.353  at 
its  mean  radius)  and  was  assembled  with  stagger  angles  of  35,  45,  and  55 
degrees  at  the  mean  radius  to  investigate  the  effect  of  stagger  angle  on 
the  unsteady  rotor  response.  To  study  the  effect  of  rotor  solidity 
(chord-to-space  ratio) , these  data  were  compared  to  the  data  obtained 
by  Yocum  in  Reference  [2]  using  a twelve-bladed  rotor  (s/c=0. 676)  . The  -r. 

second  test  rotor  used  in  the  experiments  was  a nine-bladed  cambered  rotor 
(s/c=0.90)  with  a fixed  stagger  angle  of  50  degrees  at  the  mean  radius. 

To  study  the  effect  of  rotor-stator  spacing,  eight  cambered  stator 
blades  were  installed  in  the  facility  and  measurements  were  made  at  the 
mean  radius  with  the  stator  row  located  one-half  and  two  blade  chord 

lengths  downstream  of  the  rotor  trailing  edge.  Also,  the  effect  of  radial 

-.1  ....  ; • 

variations  in  the  flow  field  was  examined  by  making  circumferential 
surveys  at  four  spanwise  locations  other  than  the  mean  radius  of  the  blade. 
For  both  rotors,  tests  were  conducted  at  different  values  of  incidence 
angle  to  determine  the  effect  of  mean  blade  loading.  A total  of  six  ^ 


I 
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different  distortion  screens  were  tested;  the  screens  used  were  one-, 
two-,  four-,  and  six-cycle  sinusoidal  distortions  and  90  and  180  degree 
square  distortions.  Five-hole  probes  in  the  non-nulling  mode  were  used 
to  conduct  the  circumferential  flow  surveys.  These  probes,  through  their 
calibration  curves,  yield  the  total  pressure,  static  pressure,  and  the 
three  velocity  components  at  each  measurement  location.  The  surveys  were 
made  in  two-degree  increments . 

^nce  only  typical  distortion  data  are  presented  in  Reference  [1], 
all  of  the  distortion  data  are  documented  in  this  report.  The  steady 
performance  measurements  of  both  rotors  are  also  presented  for  completeness. 
For  the  measurements  made  with  the  six  distortion  screens,  the  data  presented 
in  this  report  consist  of  the  dimensionless  total  pressure,  static 
pressure,  the  axial,  circumferential,  and  radial  components  of  velocity, 
and  the  local  flow  incidence  on  the  blades  plotted  as  a function  of  the 
circumferential  location  for  the  upstream  and  downstream  measuring  locations. 


Exp  crimen  tal  Facilj  tv  ' 

The  entire  experimental  program  was . conducted  in  a facility  referred  ' 
to  as  the  Axial  Flow  Research  Fan  (AFRF) , which  is  located  in  the  Garfield 
Thomas  Water  Tunnel  Building  at  The  Pennsylvania  State  University.  The 
AFRF  was  designed  specifically  for  studying  unsteady  flow  phenomena  in 
axial  flow  turbomachinery.  Thus,  the  overall  dimensions  of  the  facility 
are  sufficiently  large  to  allow  the  blades  to  be  instrumented  and  flow 
surveys  to  be  conducted  with  few  spatial  limitations.  Figure  1 is  a 
she  toll  at.  the  facility  which  Shows  the  major  components  and  overall  dimensions. 

One  of  the  important  features  of  the  facility  to  be  noted  in  Figure  1 
is  the  distance  between  the  distortion  producing  screen  and  the  test  rotor. 
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The  long  section  between  the  screen  and  the  rotor  allows  sufficient  time 
for  small  disturbances  produced  by  the  screen  to  decay.  Therefore,  a 
smooth  velocity  profile  of  the  desired  shape  is  attained  upstream  of  the 
rotor.  The  long  settling  section  also  isolates  the  rotor  from  the  screen, 
thus  eliminating  any  interaction  between  the  rotor  and  the  screen.  This 
is  very  important  since  a rotor  will  strongly  alter  the  upstream  flow  in 
the  immediate  vicinity  of  the  rotor. 

An  important  feature  of  the  A'FRF  with  regard  to  this  investigation 
is  the  abili tv  of  the  outer  casing  surrounding  the  rotor-stator  stage  \ 
to  be  rotated  freely  about  the  centerline  of  the  facility.  This  feature 
is  provided  to  enable  circumferential  surveys  of  the  flow  to  be  performed 
by  rigidly  attaching  instrumentation  to  the.  casing.  During  circumferential 
surveys  of  the  flow,  the  rotation  of  the  test  section  is  automatically 
controlled  by  the  data  acquisition  system. 

The  AFRF  utilises  split  outer  casing  and  hub  sections  both  upstream 
and  downstream  of  the  stator.  By  interchanging  sections  of  different  lengths, 
it  is  possible  to  move  the  stator  blade  row  relative  to  the  rotor  blade 
row.  Tests  with  rotor-stator  axial  spaeings,  rotor  trailing  edge  to  stator 
leading  edge,  of  3,  6,  9,  or  12  inches  (i.e.,  7.62,  15.24,  22. SS.  or  30,48  cm) 
arc  possible.  For  six-inch  (15.24  cm)  chord  blades,  these  dimensions 
correspond  to  nondimensional  rotor-stator  spaeings  from  0.5  to  2.0  blade 
chord  lengths. 

The  flow  rate  through  the  facility  is  controlled  either  by  the 
thro tele  sotting  or  by  the  speed  of  the  auxiliary  Can.  The  locations  of  ' 
these  two  componets  are  shown  in  Figure  1.  Both  the  auxiliary  fan  and 
the  test  rotor  speed  are  controlled  by  Borg-War nor  variable  frequency 
inverter  units.  It  should  be  noted  that  the  auxiliary  fan  will  provide 
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an  axial  through  flow  even  if  the  test  rotor  is  not  installed.  This 
is  a feature  not  found  in  most  facilities,  and  it  enables  trie  distortions 
to  be  measured  in  the  absence  of  the  rotor.  The  auxiliary  fan  also  permits 
test  rotors  with  zero  mean  blade  loading  to  be  tested.”  A detailed 
description  of  the  AFRF  is  presented  in  Reference  [3]. 

i ' ’ 

Two  test  rotors  were  employed  in  this  investigation.  The  first 
rotor  used  was  assembled  with  six  blades  and  designed  for  zero  mean 
loading  in  an  ideal  flow.  The  rotor  was  designed  with  this  criterion 
primarily  to  enable  accurate  comparisons  to  be  made  with  unsteady  | 
cascade  theories  which  are  usually  restricted  to  zero  or  lightly  loaded 
blades.  The  blades  have  no  camber,  a Cl  profile  with  ten  percent 
thickness,  a 6.0  inch  (15.24  cm)  chord,  and  !a  5.9  inch  (14.99  cm)  span. 

The  blades  are  twisted  such  that,  at  the  design  condition,  the  incidence  is 
zero  at  all  radii  and  there  is  a stagger  angle  of  45  degrees  at  the  mean 
radius.  The  blades  can  be  rotated  ten  degrees  in  either  direction 
so  that  stagger  angles  of  35  and  55  degrees  at  the  mean  radius  can  also 
be  obtained.  The  second  rotor  used  in  this  study  was  a nine-bladed 
rotor  with  cambered  blades  and  a fixed  stagger  angle  of  50  degrees  at  the 
mean  radius.  This  rotor  was  designed  to  investigate  unsteady  pressures, 
forces,  and  moments  with  nonzero  steady  forces  and  moments.  The  rotor 
was  designed  with  free-vortex  loading,  and  the  profile,  chord  length, 
and  span  are  identical  to  the  zero  steady  lift  rotor. 

For  the  studies  involving  distorted  flow,  disturbance  producing 
screens  are  placed  in  the  inlet  which  produce  sinusoidal  or  square 
circumferential  distortions  with  amplitudes  of  approximately  20  percent 
of  the  average  axial  velocity.  These  screens  were  constructed  by 
fastening  segments  of  screens  with  varying  solidity  to  a heavier  support 


. i 


■'  © ■ 

-11-  XQ  October  X97S 

LC15 : j ep 

screen  with  a small  solidity.  The  screens  provide  a capability  to  carry 
^out  experiments  at  reduced  frequencies  from  0.27  to  2.46,  based  on 
a chord  length  of  six  inches,  and  stagger  angle  of  45  degrees.  The 
design  and  performance  evaluation  of  these  distortion  generating  screens 
are  presented  in  Reference  [4] . 

Instrumentation  - y - ^ 

The  general  experimental  apparatus  for  all  the  tests  conducted  in 
this  study  is  shown  in  Figure  2.  This  figure  includes; -a  sketch  of yfhe^^/V  ■. 
test  facility  and  a schematic  of  the  instrumentation.  The  two  axial 
locations  where  the  majority  of  flow  measurements  x^ere  made  are  referred 
to  as  location  1-D  and  Location  15,  which  are  located  0.137  blade 
chord  lengths  upstream  of  the  rotor  and  0.82  choyd  lengths  downs treara  - : 

of  the  rotor,  respectively.  For  the  series  of  tests  conducted  with  the 
stator  blades  located  in  the  forward  position,  0.5  chord  lengths  behind 
the  rotor,  the  downstream  probe  was  moved  to  a position  designated  as 
Location  X5-A,  which  is  located  0.40  chord  lengths  downstream  of  the 
rotor. 

All  of  the,  flow  field  measurements  were  made  with  two  five-hole 
probes  employed  in  the  non-nulling  mode.  The  five  pressures  measured 
from  each  probe  are.  reduced  using  detailed  calibrations  of  Che  probes, 
and  they  yield  the  total  pressure,  static  pressure,  and  the  three  velocity 
components  at  each  location  or  run  condition.  The  schematic  in  Figure  2 
shows  the  instrumentation  used  to  measure  the  pressures  from  each  probe 

t 

and  the  automatic  controls  used  to  conduct  the  various  tests. 

Ail  pressure  measurements  were  made  with  a, single  differential 
pressure  transducer  through  the  use  of  a scanivalve.  The  atmospheric 

■ i 

pressure  served  as  the  reference  pressure  for  the  transducer,  thus  a 
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reading  from  an  open  channel  on  the  scanivalve  corresponded  to  the 
transducer  aero.  At  each  location  or  run  condition,  the  voltages 
representing  the  ten  pressures  from  the  two  probes  and  the  transducer  zero, 
were  recorded  automatically  on  paper  tape.  1'he  data  recorded  on  paper 
tape  was  ken  led  into  an  IBM  1130  Computing  System  for  data  reduction. 

in  addition  to  the  pressure  measurements,  it  was  necessary  to  measure 
the  rotational  speed  of  the  rotor,  ^conventional  system  employing  a 
slotted  disc  rotating  with  the  rptir,  a light  source,  a photocell,  and  an 
electronic  counter  in  the  data  acquisition  system  was  used  for  this 
purpose.  With  sixty  slots  in  the  disc  and  a one-second  sample  period, 

the  counter  reading  gave  the  RPM  of  the  rotor  directly  and  displayed  it 
on  the  data  logger. 

Before  concluding  the  section  on  instrumentation,  some  additional  C 
information  will  be  given  on  the  five-hole  probes  since  they  are  the  key 
components  in  the  experimental  System.  The  probes  used  in  this  investigate 
were  calibrated  in  a known  flow  field  by  A.  M.  Yocum.  Detailed  information 
concerning  the  calibration  procedure,  the  characteristics  of  the  calibration 
data,  how  the  calibration  data  is  applied,  and  the  accuracy  of  the  five-hole 
probes  appears  in  References  [2]  and  [5]. 

The  probes  employed  in  this  study  were  commercially  available  United 
Sensor  five-hole  prism  type  probes.  Five-hole  probes  were  selected  for  the 
measurements  because  they  enable  the  total  pressure,  static  pressure,  and 
axial,  circumferential,  and  radial  components  of  velocity  to  be  determined. 
The  geometry  of  the. prism  type  probes  offers  easy  insertion  and  mounting 
of  the  probe  in  the  A FRF.  An  enlarged  sketch  of  the  sensing  element 

and  a sketch  of  the  entire  probe  showing  its  dimensions  is  presented  in 
Figure  3. 
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The  five— hole  probes  employed  in  the  experimental  program  were  used 
in  a non-nulling  mode,  which  means  that  they  had  a fixed  orientation 
with  respect  to  the  casing  during  the  tests.  This  means  that  relationships 


must  be  determined  between  the  measured  pressures  at  the  five  holes 
and  the  true,  local  total  and  static  pressure  or  velocity.  These  desired 
relationships  are  usually  expressed  as  dimensionless  pressure  coefficients, 
which  are  functions  of  the  flow  angularity. 


The  two  flow  angles  and  the  true  total  and  static  pressures  are 
calculated  from  the  five  pressures  measured  from  the  probe  through  the  use 
of  a detailed  calibration.  With  this  information  known,  when  the 
probe  is  placed  in  an  unknown  flow,  the  yaw  and  pitch  angles  of  the 
unknown  flow  can  be  determined  through  the  use  of  the  calibration  data. 
After  the  two  angles  are  known,  the  total  and  static  pressure  coefficients 
are  interpolated  from  the  calibration  data  and  the  two  pressures  can  then 
be  calculated.  The  velocity  is  calculated  with  the  Bernoulli  equation  and 
then  resolved  into  its  axial,  circumferential,  and  radial  components 


using  the  known  flow  angles . 

The  accuracy  of  the  measurements  made  with  the  five-hole  probes  was 
checked  by  comparing  the  results  with  data  obtained  using  other  types 
of  instrumentation  in  Reference  [2].  In  the  absence  of  the  rotor,  static 
pressure  gradients  do  not  exist  far  downstream  of  the  distortion  producing 
screen.  Circumferential  surveys  of  the  flow  in  the  AFRF  can  be  conducted 
using  a Kiel  probe  to  measure  total  pressure  and  a wall  tap  in  the  casing 
to  measure  static  pressure.  The  velocity  measured  in  this  manner  was 
compared  with  data  obtained  with  the  five-hole  probes.  The  agreement  was 
found  to  be  very  good,  which  demonstrated  the  validity  of  the  five-hole 
probe  measurements  and  data  reduction  (Reference  [2]). 
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Expe rXmon tal  Procedures 

The  e^rtoenteX  procedures  for  the  various  tests  conducted  with  the 
two  test  rotors  were  very  similar.  At  the  beginning  of  each  test,  the 
ambient  temperature  and  pressure  were  recorded,  the  initial  running 
condition  was  set,  and  for  each  location  or  run  condition  the  eleven  voltages 
were  recorded.  For  all  the  tests  except  those  which  specifically 
investigated  the  effect  of  flow  rate,  the  average  axial  velocity  was 
approximately  67  ft/sec  (20.4  m/sec).  This  velocity  corresponds  to  the 
unnumbered  rotor  design  condition  when  the  rotor  is  rotating  at  10.00  M.  5 
To  vary  the  mean  incidence  on  the  blades,  the  rotor  RFM  was  varied  instead 
of  the  flow  rate;  thus,  the  five-hole  probes  were  always  able  to  operate 
iu  approximately  the  same  Reynolds  number  range. 

The  first  set  of  tests  conducted  were  steady  performance  measurements 
at  the  mean  radius  for  the  six-biaded  rotor  in- its  35,  45,  and  55  degree 
Stagger  angle  configurations  and  for  the  nine-bladed  rotor  with  its  fixed 
stagger  angle  of  50  degrees.  For  these  tests,  the  rotor  RPM  was  varied 
in  steps  to  provide  two  degree  increments  In  incidence  angle  over  a range 
of  incidence  from  - 10  degrees  up  to  the  point  where  the.  rotor  stalled 
or  where  the  exit  flow  angle  was  out  of  the  probe  calibration  range. 

10  :'°L  th0  V0l°eUy  *or  the  '•otor  performance  measurements,  the  upstream 
five-hole  probe  was  located  at  the  mean  radius  and  the  center  hole  of  the 
probe  was  used  to  sense  the  total  pressure  of  the  flow.  A static  pressure 
wail  tap  located  at  the  same  axial  location  as  the  five-hole,  probe  was 
used  to  sense  the  static  pressure.  These  two  pressures  wore  applied  to 
opposite  sides  of  a differential  pressure,  transducer  and  the  resulting 
voltage  output  was  proportional  to  the  dynamic  pressure  of  the  flow.  The 
dynamic,  pressure  was  then  used  to  obtain  the  desired  flow  velocity.  After 
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the  running  condition  was  set,  the  pressure  sensed  by  the  wall  tap  located 
near  the  entrance  of  the  AFRF  was  recorded.  This  pressure  was  later 
correlated  with  the  velocity  at  the  mean  radius  as  measured  by  the  upstream 
five-hole  probe  and  could  be  used  in  subsequent  tests  for  setting  the 
velocity. 

The  next  and  most  important  series  of  tests  measured  the  distorted  flow 
fields  upstream  and  downstream  of  the  operating  rotor.  In  order  to 
describe  the  method  used  for  setting  the  velocity  for  this  series  of  tests, 
it  is  necessary  to  describe  the  method  used  by  Yocum  for  making  measurements 
of  the  distortion  produced  by  the  screens  in  the  absence  of  the  rotor 
(Reference  [2]) . For  the  tests  conducted  without  the  rotor  installed,  the 
velocity  was  set  by  using  the  probe  and  the  wall  tap  at  location  1-D 
to  indicate  the  dynamic  pressure  of  the  flow.  This  method  of  setting  the 
velocity  is  valid  since  the  flow  will  be  approximately  axial  and  no  radial 
static  pressure  gradient  will  exist  without  the  rotor  installed.  To  set 
the  mean  velocity  in  the  circumferentially  varying  flow,  a maximum  or  minimum 
velocity  point  was  first  located.  The  velocity  was  then  adjusted  to  the 
desired  mean  velocity  assuming  there  was  a 20  percent  variation.  After 
the  velocity  was  set,  the  pressure  sensed  by  the  inlet  wall  tap  was 
recorded  so  it  could  be  used  to  set  the  velocity  in  the  tests  when  the 
rotor  was  installed.  For  the  distortion  measurements  made  with  the 


rotor  operating,  circumferential  surveys  of  the  flow  field  were  made 
with  the  outer  casing  surrounding  the  test  section  rotated  at  two  degree 
increments.  The  velocity  was  set  by  using  the  inlet  static  pressure  wall 


tap.  By  duplicating  the 
screen,  the  mean  velocity 


previously  measured  pressure  for  a particular 


calculated  in 


the  data  reduction  program  was 


assumed  to  exist.  The  desired  value  of  mean  incidence  or  blade  loading 


could  then  be  obtained  by  adjusting  the  RPM  of  the  test  rotor. 
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Results 

The  results  from  all  the  tests  are  presented  In  Appendices  A through 
G.  Appendix  A contains  the  steady  performance  data  of  the  six-bladed 
uncambered  rotor  and  the  nine-bladed  cambered  rotor.  Also  contained  in 
Appendix  A is  a brief  description  of  the  performance  parameters  used. 

The  remaining  appendices,  Appendices  B through  G,  document  all  of 
the  distortion  measurements  which  were  made  using  the  two  test  rotor. 

Each  appendix  contains  the  results  for  one  type  of  distortion.  Included 
at  the  beginning  of  each  appendix  is  a table  which  lists  the  run  conditions 
for  each  test  and  the  numbers  of  the  figures  containing  the  data  for  a 
particular  test.  There  are  six  figures  for  each  set  of  data;  these 
figures  show  the  dimensionless  axial,  circumferential,  and  radial  velocity 
components,  the  dimensionless  total  and  static  pressures,  and  the  local 
flow  incidence  plotted  versus  circumferential  location  both  upstream  and 
downstream  of  the  rotor.  The  same  order  of  presentation  of  the  data  is 
followed  in  each  Appendix.  First,  the  six-bladed  rotor  data  is  presented. 
This  is  followed  by  the  nine-bladed  rotor  data  taken  at  the  mean  radius 
for  a rotor-stator  spacing  of  2.0  chord  lengths.  Next,  the  nine-bladed 
data  at  the  mean  radius  for  a rotor-stator  spacing  Of  0.5  chord  lengths 
is  piesented.  Finally,  the  nine-bladed  rotor  data  measured  at  the 
four  radii  other  than  the  mean  radius  is  shown  in  the  following  order: 
radius=4. 58  inches  (11.64  cm),  radius-3. 67  Inches  (9.31  cm),  radius=l. 83 
inches  (4.66  cm),  and  radius=0. 92  inches  (2.33  cm)  from  the  surface  of  the 
inner  hub.  It  should  be  noted  that  the  six-bladed  rotor  was  only  tested 
in  the  four-  and  six-cycle  sinusoidal  distortions,  and  the  radial  or  spanwise 
variations  of  the  flow  field  using  the  nine-bladed  rotor  were  only  tested 
in  the  two-  and  four-cycle  sinusoidal  distortions.  The  square  distortions 
were  used  for  all  the  tests. 


w 


-17- 


10  October  L97S 

bCB : j ©p 


1 6loc:U>  for  normalizing  the  , fc 

, lCa  was  ch0'^n  to  be  the  average 

axial  velocity  at  location  i n ...  , - s° 

- lo«tio„  X-D.  ^ wloclty  wts 

convenient  than  Mm  Q 

totor  speed  because  it  enabled  Mm 

used  F„v  Uecl  fche  same  scales  to  be 

used  for  presenting  the  data  for  all  the 

h 10101  configurations . The  " 
average  operating  parameters  are  shown  at  M 

Mm  ^ the  t0P  of  Meh  figure,  and 

the  average  axial  velocity  ucmd  

as  the1  art tl  * n0™aUalnS  *>»  <£«  was  calculated 

aiithmetic  avora8e  * the  data  X™,  the  & 

the  to,  r ax,.  0<wfflotenes  ^ m y 

1 0f  Che  dlst0“lo‘>  a^s  are  ndrmaXlaed  by  ^2  . , 

be  consistent  „lth  2 W““  C0 

"C  wlth  u,«  'tanner  in  which  the  distm-M„  . „ 

1-hia  differs  from  the  steady  M f ' "*  norMalls«l . 

steady  performance  pressure  rise  eooffinsv  ,> 
normalized  by  -|pu2.  iciuit  which  is 


-18- 


References 


10  October  1978 
JXB:jep 


m ta«,  l.  C.,  "The  Unsteady  Response  of  an  Asia!  Fiow  Turbo, .achinery 
Rotoy  to  Inlet  Flow  Distortions,"  Master  o(  Science  Thesis, 

Department  of  Aerospace  Engineering,  The  Pennsylvania  state  University 
1978. 

m I'ooum,  A.  M.,  "The  Effects  of  Design  and  Operating  Variables  on  the 
Response  of  an  Ariel  Flow  Fan  to  tnlet  Flow  Distortions,"  Master 
of  Selene e Thesis,  Department  of  Mechanical  Engineering,  The 
Pennsylvania  State  University,  197S  CART,  Technical  Memoranda,,,  7S-17S) , 
E.  1 . , The  Axial  Flow  Research  Fan  - A New  Facility  for 
investigation  of  Time-Dependent  Turbomachinory  Flows,"  ASME  Paper 
74-FE-27,  May  1974, 

m isruce,  E.  P.,  "Design  and  Evaluation  of  Screens  to  Produce  Multi-Cycle 

*201  Aniplltiuae  „ AT,.  . ' 

A1AA  Papec  Ja(  : 

July  1974. 

w T,'“s,:ar’  A-  l-  — *«»».  A.  "The  Calibration  and  Application 
of  Five-Hole  Probes,"  £t2Sagg3m^LXh°  2*th  InCernaMn,,.-. 

Instrumentation  Syggsium,  Instrument  Society  of  America,  Albuquerque. 
Novv<  Mexico,  May  1978. 


r*r~  — 


1 


ra 


'c‘ ■»*  ■ ••  V" u<M 


20~  10  October  1978 

LCD: jep 


o.  /*  N 


. ■ 0 /'.•  : j 


10  October  1978 
LCBijep 


Appendix  A 


Steady  Performance  of  the  Six-Bladed  and  Nine-Bladed  Rotors 


Presented  in  this  appendix  are  the  data  describing  the  performance 
of  the  six-bladed  uncambered  rotor  and  the  nine-bladed  cambered  rotor 


operating  with  uniform  inlet  flow.  All  of  the  data  are  from  measurements 

i 

taken  at  the  mean  radius  only  since  this  is  where  all  the  distortion 
measurements  were  made.  For  convenience  in  applying  the  data  to  various 

1 v | ! 

methods  of  analysis,  the  data  are  presented  in  three  different  forms. 

i ; 

The  performance  characteristics  are  presented  for  the  six-bladed  rotor 

j ‘ - . 

configurations  with  the  three  different  stagger  angles  and  for  the  -:-i 

, nine-bladed  rotor  with  a fixed  stagger  angle. 

Figures  A.l  and  A. 2 are  typical  plots-  of  loading  coefficient  or 

i 

' ' I • 

pressure  rise  coefficient  versus  flow  coefficient  for  the  six-bladed  and 

I 

nine-bladed  rotors,  respectively.  The  pressure  rise  coefficient  is  defined. 

12 

in  the  figure  as  the  rise  in  total  pressure  normalized  by  -^pU  . 

The  amount  of  swirl  put  into  the  flow  by  the  rotor  is  another  useful 

: i 

performance  parameter  which  is  often  required  in  an  analysis.  The 

)'  jr  i 

dimensionless  circumferential  component  of  velocity  downstream  of  the 
rotor  is  plotted  as  a function  of  flow  coefficient  in  Figures  A. 3 and  A.-4 
for  the  six-bladed  and  nine-bladed  rotors,  respectively. 

The  next  three  figures  present  the  ideal  and  actual  total  pressure 
rise  coefficients  and  the  loss  coefficient  as  a function  of  incidence 
anglf^  for  the  six-bladed  rotor.  Figures  A. 5,  A. 6,  and  A. 7 are  the  data 

•Jt  i | 

I ! 1 

for  tjhe  35°,  45°,  and  55°  stagger  angles,  respectively.  Finally, 

'5  j • 1 

Figure  A. 8 present  the  ideal  and  actual  total  pressure  rise  coefficients 
and  the  loss  coefficient  versus  incidence  angle  for  the  nine-bladed 
cambered  rotor.  These  figures  are  provided  primarily  to  supply  information 
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about  the  losses  through  the  rotor.  The  ideal  total  pressure  rise  is 
determined  from  the  swirl  in  the  flow  by  using  Euler's  pump  equation: 


’ideal 


= APTideal  2(V9exit~V6inlet) 


Jpu2 


?he  actual  pressure  rise  coefficient,  \p,  which  was  previously  presented, 

° ls  determined  from  the  measured  total  pressure.  __The  total  pressure  losses 
can  then  be  determined  by  calculating  the  difference  between  the  ideal 
and  actual  coefficients: 


Cr  _ AP^ideal  Al>Tactual 

CPTlosS  — 1~2 “ Wrf 
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Data  for  the  One-Cyde  Sinusoids!  Distortion 
Table  B.l 

Test  Conditions-f-or  the  One-Cyde  Sinusoids!  Mstory_oa 
Figure  Numbers  Solidlty  Rotor/Stator  Spacing 


B.1-B.6 

B.7-B.12 

B.13-B.18 

B.19-B.24 

B. 25-B . 30 

B.31-B.36 


1.11 

1.11 

1.11 

1.11 

1.11 

1.11 


12  in.  (30 

12  in  .-  B - 

12  in . 

3 in.  (7 . 62cm) 
3 in. 

3 in. 


Distance  from 
Hub  Surface 


2.75  in.  (6.985cm) 
2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 


I 

OJ 

N5 

I 


VO 
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Table  B.l  (con’t) 

0 

Test  Conditions  for  the  One-Cycle  Sinusoidal  Distortion 


Figure 

Numbers 


No.  of  Stagger 
Blades  Angle 
(degrees) 


Vxavglniet  VxaVgexit 

(ft/sec)  (ft /sec) 


RPM  Average 
4> 


Average 

4vK,vg 


Average 

Incidence 

(degrees) 


B.l-B. 6 

9 

50 

66.77 

64.23 

,1525 

0.647 

J 1.104 

0.65 

B.7-B.12 

9 

50 

66.98 

66.60 

1699 

0.583 

1.775  _ 

3.36 

B.13-B.18 

9 

50 

66.06 

64.03 

1837 

0.532 

2.444 

5.65 

B.19-B. 24 

9 

50 

66.41 

66.75 

1525 

0.644 

1.117 

0.95 

B.25-B.30 

9 

50 

66.34 

65.24 

1699 

0.577 

1.825 

3.73 

B.31-B.36 

9 

50 

66.15 

64.45 

1837 

0.532 

2.364 

5.72 

u 
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Appendix  D * 

Data  for  the  Four-Cycle_Simisoidal  Distortion 
Table  D.l 

Test  Conditions  for  the  Four-Cycle  Sinusoidal  Distortion 
Figure  Numbers  Solidity  Rotor/Stator  .Spacing  Dlstan, 


D.1-D.6 

0.74 

- 

D. 7-D.12 

0.74 

- 

D.13-D.18 

0.74 

— 

D.19-D.24 

0.74 

: - V - - ; -.1  ' ■■ 

D.25-D.30 

• 

0.74 

______ 

D.31-D.36 

0.74 

- 

D.37-D.42 

0.74 

— 

D.43-D.48 

0.74 

- 

D.49-D.54 

1.11 

12  in.  (30.48cm) 

D.55-D.60 

1.11 

12  in.  — 

D.61-D.66 

1.11 

12  in. 

D.67-D. 72  - 

1.11 

3 in.  (7.62cm) 

D.73-D.78 

1.11 

: 3'  in. 

D.79-D.84  ", 

1.11 

3 in. 

D.85-D.90 

0.90 

12  in. 

D.91-D.102 

1.26 

12  in. 

D.103-D.108 

1.45 

12  in. 

Distance  from 
Hub-Surface 


2.75 

In.  (6.985cm) 

2.75 

in. 

2.75 

in. 

2.75 

in. 

2.75 

in. 

2.75 

in.  . ':j  j 

2.75 

in. 

2.75 

in. 

2.75 

in. 

2.75 

in. 

2.75 

in. 

2.75 

in. 

2.75  in. 

2.75  in.  ■■■' 

4»58  in.  (11.64cm) 
3.67  in.  (9.31cm) 
0.92  in.  (2.33cm) 
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B.49-D.54 

D.55-B. 60 

D.61-D.66 

B.67-D.72 

D.73-D.78 

D.79-D.84 

B.35-B. 90 

D.91-D.96 

D.97-D.102 

D.1D3-D.108 


Table  D.l  (con’t) 

Test  Conditions  for  the  Four-Cycle  Sinusoidal  Distortion 


ITo.  of 
Blades 

Stagger 

Angle 

(degrees) 

^avginiet 

(ft/ sec) 

V*avgexlt 
(ft/ sec) 

EPK 

Average 

* 

Average 

AF/|pi4 
i 2 avg 

Average 

Incidence 

(degrees) 

6 

35 

60.09 

60.73 

682 

1.303 

0.023 

2.29 

6 

35 

63.14 

63.10 

941 

0.992 

0.454 

10.12 

O 

35 

65.27 

65.29 

1203 

0.802 

1.004 

16.24 

6 

45 

64.93 

64.54 

975 

0.985 

0.014 

0.40 

6 

64.62 

64.46 

1293 

0.739 

0.660 

8.50 

6 

. 55 

63.59 

64 . 15 

1392 

0.675 

0.093 

0.57 

6 

55 

57.66 

61/33 

1622 

0.526 

0.848 

6.78 

6 :: 

55 

63.80 

65.60 

1913 

0.493 

1.732 

8.35 

9 ■■  ■ 

50 

62.53 

62.52 

1492 

0.620 

1.281 

1.88 

9 

:i(:y:50:y 

60.34 

57.99 

1663 

0.536 

2.248 

5.47 

9 

50 

59.86 

57.30 

1793 

*0.492 

2.951 

7.50 

9 

50 

61,58  1 

64.17 

1492 

0,610 

1.356 

2.41 

9 

V : 50 

60.02 

57.94 

1663 

0.534 

2.252 

5.70 

9 

50 

59.50 

58.18 

1798 

0.489 

2.968 

7.74 

9 

50 

60,08 

60.29 

1663 

0.534 

2.313 

5.77 

9 

50 

' : 59.55 

58.85 

1663 

0.529 

2.321 

5.97 

9 

: 50 

62.08 

60.77 

1663 

0.552 

1.997 

4.87 

9 

50 

58.33 

61.20 

1663 

0.519 

2,1 93 

6,46 
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Appendix  E 

Data  for  the  Six-Cycle  Sinusoidal  Distortion 
Table  E.l 

Test  Conditions  for  the  Six-Cycle  Sinusoidal  Distortion 

S°1±d±ty  Rotor/ Stator  Spacing  Distance  from 

— — _ Hub  Surface 


E.1-E.6 

0.74 

E.7-E.12 

0.74 

E.13-E.18 

0.74 

E.19-E.24 

0.74 

E.25-E.30 

0.74 

E.31-E.36 

0.74 

E.37-E.42 

0.74 

E.43-E.48 

0.74 

E.49-E.54 

1.11 

E.55-E. 60 

1.11 

E.61-E.66 

1.11 

E.67-E.72 

1.11 

E.73-E. 78 

1.11 

E.79-E.84 

1.11 

12  in,  (30.48cm) 
12  in. 

12  in. 

3 in.  ' (7.62cm) 

3 in  , 

3 in. 
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E. 31-E.36 
E.37-E. 42 
E.43-E.48 
E. 49-E.54 
E.55-E.60 
E. 61-E.66 
E.67-E.72 
E. 73-E.78 
E.79-E.84 
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35 

. 69.66 

67.57 
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1.010 
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69.44 
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0.814 

45 

67.00 

66.12 
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0.971 
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66.54 

68.73 
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66.93 

67.30 
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67.27 
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65.98 
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2.316 

2.515 

1.301 

2.133 
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0.76 
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Appendix  F 


Data  for  the  90  Degree  Square  Distortion 


Test  Conditions 
Figure  Numbers  Solidity 


Table  F.l 

for  the  90  Degree  Square  Distortion 
Rot or V Stator  Spacing 


Distance  from 
Hub  Surface 


F.1-F.6 

0.74 

F. 7-F.12 

0.74 

F.13-F.18 

0.74 

______  ■ 

F.19-F.24 

0.74 

F.25-F.30 

0.74 

F.31-F.36 

0.74 

F.37-F.42 

0.74 



F.43-F.48 

0.74 

F.49-F.54 

1.11 

12  in.  (30.48cm) 

F.55-F.60 

1.11 

12  in. 

F.61-F.66 

1.11 

12  in. 

F.67-F.72 

1.11 

3 in.  (7.62cm) 

F.73-F'.  78 

1.11 

3 in. 

F.79-F.84 

1.11 

3 in. 

F.85-F .90 

0.90 

12  in. 

F.91-F.96 

0.99 

12  in. 

F.97-F.102 

1.26 

12  in. 

F .103-F.103 

1.45 

12  in. 

2.75  in.  (6.985cm) 
2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

2.75  in. 

4.58  in.  (11.64cm) 
3.67  in,  (9.31cm) 
■1.83  in.  (4.66cm) 
0.92  in.  (2.33cm) 
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Table  F.l  (conrt) 


Test  Conditions  for  the  90  Degree  Square  Distortion 


Figure 

Numbers 

No.  of 
Blades 

Stagger 

Angle 

(degrees) 

Vv 

xavginiet 

(ft/sec) 

Vxavgexit 
(ft /sec) 

RPM 

Average 

'4 

Average 
AP t/4dVx 

Average 

Incidence 

(degrees) 

F.1-F.6 

6 

35 

64.16 

63.90 

696 

1.363 

0.009 

1.29 

F.7-F.12 

6 

35 

64.69 

65.14 

993 

0.963 

0.479 

11.07 

F.13-F.18 

6 

35 

63.18 

68.56 

1143 

0.817 

0.847 

15.75 
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Appendix  G 

Data  for  the  180  Degree  Square  Distortion 
Table  G.l  : 

Test  Conditions  for  the  180  Degree  Square  Distortion 


figure  Numbers 

Solidity 

Rotor/Stator  Spacing 

Distance  from 
Hub  Surface 

G.1-G.6 

0.74 
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2.75  in.  (6.985cm) 

G.7-G.12 

0.74 

, \ 

2\  15  in. 

G.13-G.18 

0 74 

2.75  in. 
2.75  in, 
2.75  in. 

G.19-G.24 

G.25-G.3Q 

0.74 

0.74 

— — 

G.31-G.36 

0.74 

2.75  in. 

G.37-G.42 

0.74 
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2.75  in. 

G.43-G.48 

0.74 

2.75  in. 

G.49-G.54 

1.11 

12  ir . (30 ,47cm) 
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1.11 

12  in. 
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1.11 
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64.94 
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63.13 
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■■ 

35 

66.66 
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6 

45 

63.61 
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RPM 
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// 
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AV!^avg 

Incidence 

(degrees) 

■ ■ . 

692 

1.396 

0.017 
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955 

0.977 

0.435 

10.78 

1138 

0.866 

0.766 

14.18 

989 

0.951 

0.054 

1.57 

1 

OS 

1328 

0.717 

0.755 

9.41 

<£> 

1 

1412 

0.634 

0.148 

2.18 

1646 

0.533 
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6.47 

1941 

0.474 

1.794 

9.35 

1515 
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1.295 

2.56 

1688 

0.553 

2.011 

4.79 

1825 

0.507 
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6.85 

1515 
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£~*  f-> 

n o 
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t-fc  o . 
0 rt 
u O 
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cr 
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3.66 

H 

VD 
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180  DEG.  SQ.  DISTORTION  AVG . INCIDENCE  =5.06  DEG. 
RPM  = 1688 
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CIRCUMFERENTIAL  LOCATION  (DEG.) 


Figure  G. 108 


